Gene 33 (Mig6, ERRFI1) is an adaptor protein with multiple cellular functions. We recently reported that depletion of this protein promotes lung epithelial cell transformation induced by hexavalent chromium [Cr(VI)]. However, the early molecular events that mediate this process are not clear. In the present study, we used single-cell RNA sequencing to compare gene expression profiles between BEAS-2B lung epithelial cells chronically exposed to a sublethal dose of Cr(VI) with or without CRISPR/cas9-mediated deletion of Gene 33. Our data reveal 83 differentially expressed genes. The most notable changes are genes associated with cell adhesion, oxidative stresses, protein ubiquitination, epithelial-mesenchymal transition/metastasis, and WNT signaling. Up-regulation of some neuro-specific genes is also evident, particularly ubiquitin carboxyl-terminal hydrolase L1 (UCHL1), a deubiquitinase and potential biomarker for lung cancer. Gene 33 deletion and/or Cr(VI) exposure did not cause discernable changes in cell morphology. However, Gene 33 deletion led to a modest but significant reduction of cells in the G2/M phase of the cell cycle regardless of Cr(VI) exposure. Gene 33 deletion also significantly reduced cell proliferation. Interestingly, Cr(VI) exposure eliminated the difference in cell proliferation between the two genotypes. Gene 33 deletion also significantly elevated cell migration. Our data indicate that combined Gene 33 deletion and chronic Cr(VI) exposure produces a gene expression pattern and a phenotype resemble those of the transformed lung epithelial cells. Given the known association of UCHL1 with lung cancer, we propose that UCHL1 is an important player in the early stage of lung epithelial cell transformation and tumorigenesis.
Introduction
Gene 33 is an inducible adaptor protein containing multiple domains for protein-protein interaction and signal transduction (Makkinje et al., 2000; Xu et al., 2005) . This protein has a broad functional profile, which is reflected by its interaction with a number of important intracellular proteins (Fiorentino et al., 2000; Makkinje et al., 2000; Tsunoda et al., 2002; Xu et al., 2005; Zhang et al., 2007a; Hopkins et al., 2012) . The most prominent function of Gene 33 identified to date is its inhibition of tyrosine kinases of the EGF receptor family thereby inhibiting the biological events mediated by these receptors (Xu et al., 2005; Anastasi et al., 2007; Zhang et al., 2007a) . Because Gene 33 can also be induced by activation of the EGFR family receptors, it is considered a feedback inhibitor of these receptors (Anastasi et al., 2003; Zhang and Vande Woude, 2007) . In the past decade or so, an increasing number of additional functions of this protein have been identified. Gene 33 binds to and activates the protein tyrosine kinase c-Abl thereby promoting apoptosis in a p73-dependent manner (Hopkins et al., 2012) . Gene 33 appears to be involved in replicative and oncogene-induced cell senescence through its inhibition of EGFR signaling (Xie et al., 2013) . Gene 33 has also been shown to regulate the function of NF-κB (Tsunoda et al., 2002) . Accumulating evidence has linked Gene 33 with tumor cell migration and metastasis, likely by regulating the EGFR and HGF/c-Met signaling pathways, and the small G protein CDC42 (Pante et al., 2005; Jiang et al., 2016) . Our recent work showed that Gene 33 may also be involved in the DNA damage response and genomic instability induced by the genotoxic carcinogen hexavalent chromium [Cr(VI)] (Park et al., 2016) .
Current evidence supports a role of Gene 33 as a tumor suppressor in the lung. The evidence includes the existence of nonsense or missense mutations of gene 33 (errfi1) in lung cancers (Zhang et al., 2007b) , reduced or loss of Gene 33 expression in human lung cancer samples and cell lines (Zhang et al., 2007b; Li et al., 2011) , and high incidence of spontaneous lung adenoma and adenocarcinoma in gene 33 null mice (Ferby et al., 2006; Zhang et al., 2007b) . In addition, frequent loss of heterozygosity (LOH) of chromosome 1p36.32 (where gene 33 is located) occurs in lung cancer and is associated with tobacco smoking (Tseng et al., 2005) . Despite the clear association of Gene 33 with lung Toxicology and Applied Pharmacology 330 (2017) [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] cancer, the molecular mechanism underlying the involvement of Gene 33 in lung carcinogenesis is not fully understood, particularly at the early stage of cell transformation.
Cr(VI) is a well-established human lung carcinogen (Braver et al., 1985; Gibb et al., 2000; Park et al., 2004; Costa and Klein, 2006; Holmes et al., 2008; Halasova et al., 2009) . Despite the consensus that Cr(VI) induces carcinogenesis by generating oxidative stresses during its intracellular reduction process which leads to DNA damage and genomic instability (Cheng et al., 1998 (Cheng et al., , 2000 Ding and Shi, 2002; Ha et al., 2003; Hu et al., 2011) , the molecular mediators of this process remain incompletely understood. Our recent study demonstrated a link between Gene 33 and Cr(VI)-induced lung epithelial cell transformation (Park et al., 2016) . We found that Gene 33 depletion promotes Cr(VI)-induced cell transformation in lung epithelial cells by elevating genomic instability (Park et al., 2016) . To further understand how Gene 33 may regulate Cr(VI)-induced cell transformation at the molecular level, we studied the change in the global gene expression profile as a result of combined Gene 33 deletion and chronic Cr(VI) exposure in BEAS-2B lung epithelial cells using single-cell RNA-sequencing (scRNA-seq). We identified significant alteration in gene expression of 83 genes. These genes are associated with a wide array of cellular functions, including cell adhesion, oxidative stresses, transcriptional regulation, cell migration/metastasis, and protein ubiquitination. Of particular interest is the up-regulation of several neuro-specific genes, including ubiquitin carboxyl-terminal hydrolase L1 (UCHL1), a neuro-specific deubiquitinase whose overexpression is common in lung cancer. Our results suggest a potentially prominent role of UCHL1 in the early process of lung epithelial cell transformation and lung carcinogenesis.
Materials and methods

Cell lines and cell culture
BEAS-2B human lung bronchial epithelial cells were obtained from American Type Culture Collection. Cells were cultured in DMEM supplemented with 10% fetal bovine serum (FBS) and antibiotics (100 unit/ml of penicillin and 100 μg/ml of streptomycin sulfate) under 37°C with 5% CO 2 . Cells were maintained by passing before reaching confluency.
Antibodies and siRNA
The antibody to Gene 33 has been described previously (Xu et al., 2005 (Xu et al., , 2006 . The antibody to γH2AX was purchased from Biolegend. The antibody to GAPDH was from Santa Cruz Biotechnology. Antibodies to UCHL1 and H2AX were obtained from Cell Signaling Technology. The antibody for KRBOX1 was purchased from Sigma-Aldrich. The siRNA oligo targeting KRBOX1 was obtained from Dharmacon.
Western bolt
Standard Western blot procedure was used throughout the study. SDS-PAGE was carried out using the mini gel system from Bio-Rad after harvesting cells with 1 × sample buffer. Proteins in gels were then transferred to PVDF membrane. After blocking with TBST containing 5% non-fat dry milk, the membrane was incubated overnight with primary antibodies diluted with TBST containing 5% BSA using dilutions suggested by the manufacturers. After thorough wash with TBST, the membrane was further incubated with horse radish peroxidase-conjugated secondary antibodies for 1 h at room temperature followed by thorough washing with TBST buffer. The signals were developed with an ECL system (Pierce).
CRISPR/cas9-mediated Gene 33 deletion
A double-stranded sgRNA oligo (5′-CACCGCAGTCTGAACTCTTCTG CTC-3′/5′-AAACGAGCAGAAGAGTTCAGACTGC-3′) was cloned to pX330 vector (Addgene) and transfected to BEAS-2B cells along with a vector expressing GFP (pcDNA3-GFP, at 1/10 of the amount of pX330). Transfected cells expressing high levels of GFP (top 3%) were isolated 24-hour posttransfection using fluorescence-activated cell sorting (FACS) and seeded individually to 96-well plates. After clonal expansion, the expression levels of Gene 33 in cell clones were determined using WB. Clones with dramatically reduced level of Gene 33 were selected and tested for indel formation using the T7E1 assay according to the standard procedure and the primer pair 5′-GAGCCATGGGGAATATGAGG-3′/5′-GAAGATCCCA CGTCCATGAA-3′. The same procedure was carried out using the empty pX330 vector to produce WT clones.
Flow cytometry
Cells were cultured in 6-well culture plates in triplicates, detached 24 h later using Trypsin-EDTA fixed with 1% formaldehyde, stained with DAPI, and analyzed by flow cytometry using a MoFlo XDP highspeed flow cytometer.
Cell proliferation assay
BEAS-2B cells were seeded at 4 × 10 4 /well in DMEM with 10% FBS in 12 well-plates in triplicates. At 24 h, 48 h, and 72 h after seeding, cells were detached using Trypsin-EDTA and counted under a microscope using hemocytometer. Growth curves were then plotted. Data are shown as mean ± SD. Statistical significance was determined by the Student's t-test.
Cell migration assay
Confluent monolayer of BEAS-2B cells cultured in DMEM with 10% FBS under 37°C with 5% CO 2 were scratched with p1000 pipet tips. Cells were then washed with PBS and incubated in DMEM containing 1% FBS. Images were acquired under 40 × magnification from three fields of each cell culture at 0 h, 16 h, and 24 h after scratching. Gap distances were measured on the images using ImageJ software. Differences in gap distances between 0 h and 16 or 24 h were calculated and plotted. Data are shown as mean ± SD. Statistical significance was determined by the Student's t-test.
scRNA-seq
The protocol for scRNA-seq was adopted and modified from a previously published protocol (Picelli et al., 2014) . Briefly, after trypsinization, single cells were mouth pipetted under a microscope into a 96-well plate with 6.5 μl of lysis buffer in each well. We picked 24 WT and 24 KO single cells, respectively. The lysis buffer composed of 4.5 μl of 0.2% Triton X-100 (Sigma-Aldrich), 2 U RNaseOUT, 1.0 μl of 10 mM dNTP (Life Technologies), and 1.0 μl of 10 μM oligo-dT 30 VN primer (Exiqon). Single cells were lysed at 72°C for 5 min and transferred on ice. Reverse transcription (RT) mix was then added, which contained 2.0 μl of 5× first-strand buffer, 0.5 μl of reverse transcriptase III, 0.5 μl of 100 mM DTT, 0.25 μl of RNaseOUT (Life Technologies), 2.0 μl of 5 M betaine, 0.06 μl of 1 M MgCl 2 (Sigma-Aldrich), and 0.1 μl of 100 μM template-switching oligo (TSO, Exiqon). The RT reaction was carried out with the initial incubation at 42°C for 90 min and 10 cycles of 50°C for 2 min and 42°C for 2 min. PCR mix of 12.5 μl of Q5 2× Hot-Start HiFi mix (New England Bio-labs) and 0.25 μl of 10 μM In-Site PCR primers (Exiqon). The PCR reaction was as follows: 98°C incubation for 30 s; 20 cycles of 98°C for 20 s, 67°C for 15 s, 72°C for 6 min; followed by 5 min incubation at 72°C. The PCR products were purified using 40 μl of Ampure XP beads (Beckman Coulter). The quality of double-stranded cDNA (dsDNA) was assessed by Bioanalyzer 2100 (Agilent Technologies). We selected five WT and five KO cDNA samples in good quality and quantity for the NGS. The dsDNA (1 ng each) was subjected to library preparation using the Nextera XT DNA sample preparation kit (Illumina) and individualized index, as per the manufacturer's instruction. The resulting library was assessed by Bioanalyzer 2100 and quantitated by Qubit dsDNA HS Assay with Qubit 2.0 Fluorometer (Invitrogen). After normalization of each sample, 10 libraries were pooled together and loaded into NextSeq 550 sequencing system (Illumina). Paired-end sequencing, 75 base pairs (bp) × 2, was performed using NextSeq Mid-Throughput Reagent v2 (Illumina), receiving from 11.5 to 14.3 million short-reads per sample. The data analyses were conducted using the TopHat-DESeq2 pipeline in the BaseSpace (Illumina) with the hg19 human genome as reference. From 89.83% to 91.73% short-reads were aligned to hg19.
Results
Gene 33 deletion and/or chronic sublethal Cr(VI) exposure does not cause visible morphological changes of BEAS-2B cells
We used CRISPR/cas9 system to delete Gene 33 from BEAS-2B cells as described in Materials and methods. We isolated 8 cell clones (KO) with dramatically reduced Gene 33 expression from cells transfected with the vector containing the sgRNA targeting gene 33 and two clones (WT) from cells transfected with the empty vector (Fig. 1A ). T7E1 assay confirmed the existence of indels, indicated by appearance of two smaller DNA fragments after enzymatic digestion, in most KO cells (Fig. 1B) . We chose a WT clone (#25) and a KO clone (#22) and treated them with a sublethal dose of Cr(VI) (0.5 μM, Na 2 CrO 4 ) continuously for 8 weeks. As shown in Fig. 1C , KO cells maintained low Gene 33 expression levels throughout the treatment period compared to those of WT cells. Cr(VI) exposure led to a higher level of γH2AX in KO cells than in WT cells (Fig. 1D) , consistent with our previous observation that Gene 33 depletion with RNAi enhances the Cr(VI)-induced DNA damage response (Park et al., 2016) . WT or KO cells with or without Cr(VI) treatment showed little visible difference in morphology at the population level (Fig. 1E ). This result agrees with a previous observation that long-term treatments with potassium dichromate (K 2 Cr 2 O 7 ) at concentrations of 0.5 μM or below do not affect the morphology of BEAS-2B cells (Costa et al., 2010) .
scRNA-seq reveals differentially expressed genes between Cr(VI)-treated WT and KO cells
To investigate the effect of Gene 33 deletion on the global gene expression profile of BEAS-2B cells after chronically exposed to Cr(VI), we performed scRNA-seq on WT and KO cells treated with Cr(VI) for 8 weeks (named WT-Cr and KO-Cr, respectively). The experimental scheme for scRNA-seq is illustrated in Fig. 2A . We carried out RNA-seq on 5 single cells from each genotype as detailed in Materials and methods. The sequencing results were analyzed using DEseq software package to identify differentially expressed genes across the five single cells between the genotypes. We identified 83 genes that were differentially expressed between WT-Cr and KO-Cr cells at a statistically significant level (p b 0.05), among which 47 were upregulated and 36 were downregulated in KO-Cr cells (Table 1 , Fig. 2B&C ). As shown in the heat map, the expression levels of many of these genes were remarkably consistent between individual cells of each genotype (Fig. 2B&C) . The sequencing result also revealed the frameshifting deletion of 2 nucleotides at the expected sgRNA targeting sequence (Fig. 2D) , which was obviously responsible for the disappearance of the Gene 33 protein. In contrast, transcription of gene 33 was not affected as Gene 33 mRNA transcripts were detected in both genotypes and exhibited no significant difference (data not shown).
The differentially expressed genes are associated with a spectrum of cellular functions (Table 2) . Of particular interest is the up-regulation of genes associated with cell adhesion and the oxidative stress. Eight adhesion-associated genes were up-regulated in KO-Cr cells: ITGA4, CAV2, CDH4, LAMA4, COL5A2, PKP1, PDPN, APBB1IP, and PCDHGA11. Two adhesion-associated genes were down regulated in KO-Cr cells: ICAM1 and ROBO1. These genes are associated with both cell-extra cellular matrix interaction (ITGA4, CAV2, LAMA4, COL5A2, ROBO1) and cell-cell adhesion (CDH4, PKP1, PDPN, PCDHGA11, ICAM1). Several genes associated with the oxidative stress were up-regulated in KO-Cr cells compared to WT-Cr cells: GSTM1, CTGB, GPX3, CHAC1, and CLU. In contrast, PPARD, was down-regulated.
Three long non-coding RNAs were also significantly upregulated, among which MEG3 (up 4.3 folds) is the best studied. MEG3 has been shown to activate p53 by enhancing its stability and transcriptional activity (Zhang et al., 2003; Zhou et al., 2007 Zhou et al., , 2012 Zhu et al., 2015) . It has been implicated in pituitary tumor and suppresses growth of cancer cells as a tumor suppressor (Zhang et al., 2003; Zhou et al., 2007 Zhou et al., , 2012 Zhu et al., 2015) . A recent study showed that MEG3 can modulate TGF-β genes by binding to their distal regulatory elements (Mondal et al., 2015) .
Other interesting changes include down regulation of genes associated with epithelial-mesenchymal transition (EMT) and metastasis (ZEB2, NUPR1, ErbB3, and GPNMB) as well as up regulation of genes for WNT signaling (WNT7B, DIXDC1, TCF4). NUPR1 is a transcription regulator that mediates diverse cellular functions, including cell proliferation, hypotrophy, apoptosis, autophagy, DNA repair, and EMT (Gironella et al., 2009; Goruppi and Iovanna, 2010; Cano et al., 2011) . NUPR1 has been implicated in a number of cancers (Cano et al., 2011; Grasso et al., 2015; Emma et al., 2016) . Of interest, NUPR1 has recently been shown to be induced by Cr(VI) and to suppress acetylation of histone H4 at lysine 16 . ZEB2 is considered one of the master regulators of EMT (Vandewalle et al., 2005; Gregory et al., 2011) . Significant changes also occurred in genes associated with TNF signaling, GPCR signaling, vesicle trafficking, cytoskeleton, transcription regulation, and ubiquitination. Another notable finding is the change in expression of a number of neuro-specific genes, particularly up-regulation of UCHL1, CDH4, TCF4, GFRA1, and PCDHGA11 (Table 1, highlighted) .
The three genes that showed most dramatic changes are ubiquitin Cterminal hydrolase L1 (UCHL1, up 147 folds in KO-Cr cells), KRAB box domain containing 1 (KRBOX1, down 100 folds in KO-Cr cells), and amphiphysin (AMPH, down 25 folds in KO-Cr cells). Expression of these three genes showed remarkable consistency cross the 5 WT clones and 5 KO clones (Fig. 2B&C ). UCHL1 is a deubiquitinase that catalyzes the hydrolytic removal of ubiquitin from its substrates and is strongly associated with lung carcinogenesis/progression (Hibi et al., 1998 (Hibi et al., , 1999 Luchansky et al., 2006; Orr et al., 2011) . KRBOX1 is a member of a large family of KRAB-associated zinc finger proteins, which are believed to be DNA-binding repressors of transcription (Huntley et al., 2006; Imbeault et al., 2017) . A closer examination of the raw sequencing data revealed that although KRBOX1 mRNA expression was reduced 100 folds in KO-Cr cells statistically, the transcript of this gene was actually not detected in KO-Cr cells. This could either be a result of insufficient depth of the sequencing or the loss of KRBOX1 gene in these cells. AMPH is a neuro-specific protein associated with synaptic vesicles (Sulzer et al., 1995) . Elevated expression of AMPH has been shown in breast cancer cells (Brennan et al., 2012) .
The dramatic up-regulation of UCHL1 and down regulation of KRBOX1 in KO-Cr cells prompted us to choose these proteins for further validation. We used WB to examine the expression levels of these two proteins in cell clones used for RNA-seq (clones 25 and 22) along with another WT clone (#23) and three additional KO clones (#30, 37, and 73), with or without chronic Cr(VI) treatments (same treatment scheme as for clones 25 and 22). As shown in Fig. 2E , WT clones (25 and 23) had very low levels while KO clones (22, 30, 37, and 73) showed much higher levels of the UCHL1 protein. In contrast, expression levels of the KRBOX1 protein were high in WT clones but undetectable in KO clones. Note that Cr(VI) treatment appears to have a tendency of further elevating the levels of UCHL1 and suppressing the levels of KRBOX1 (Fig.  2E) . As expected, the Gene 33 protein in KO cells was undetectable (Fig.  2E) . These results agree with those from RNA-seq. These data also confirm that the changes in expression of UCHL1 and KRBOX1 were indeed a result of Gene 33 deletion and Cr(VI) treatment rather than a clonal effect. Surprisingly, transient knockdown of Gene 33 using siRNA did not significantly affect the levels of UCHL1 and KRBOX1 proteins in the parental BEAS-2B cells (Fig. 2F) , suggesting that the altered expression of these genes was a result of long-term transcriptional reprograming after Gene 33 deletion rather than an acute and direct result of Gene 33 deletion.
KRBOX1 is a protein with a calculated molecular weight of about 14 kD. According to the information provided by the manufacture (Sigma-Aldrich), the antibody to KRBOX1 (Cat. SAB1305246) should detect the endogenous KRBOX1 at an apparent molecular weight of around 35 kD. We found that the antibody detects several dominant bands on WB with the lysate of BEAS-2B cells (Fig. 2G) . We used RNAi targeting KRBOX1 to further characterize this antibody. As shown in Fig. 2G , the band at 25 kD disappeared after transfection of an siRNA oligo to KRBOX1 into BEAS-2B cells, suggesting that this band mostly likely represents KRBOX1. Furthermore, WB also showed that this band disappears as a result of Gene 33 deletion (Fig. 2E) . These data confirm that KRBOX1 has an apparent molecular weight of about 25 kD in these cells.
Gene 33 deletion reduces cell proliferation and Cr(VI) treatment reverses this effect
As an inhibitor of EGFR signaling, Gene 33 has been shown to inhibit EGF induced cell cycle entry under serum-starvation (Xu et al., 2005) . However, our recent study showed that transient knockdown of Gene 33 with siRNA had no significant effect on cell cycle progression of BEAS-2B cells under normal cell culture condition (without serum-starvation) (Park et al., 2016) . To check the effect of CRISPR/cas9-mediated Gene 33 deletion on cell cycle progression in BEAS-2B cells, we compared cell cycle profiles of WT and KO cells with or without chronic Cr(VI) treatment. Interestingly, we did detect statistically significant difference in cell cycle profiles between WT and KO cells: KO cells had a reduced number of cells in the G2/M phase of the cell cycle compared to WT cells regardless the Cr(VI) treatment (Fig. 3A&B ). This result is in contrast with our previous result that transient knockdown of Gene 33 has no significant effect on cell cycle distribution. This discrepancy may be a result of the long-term adaption process occurred in the KO cells, as apparently also occurred in UCHL1 and KRBOX1 expression (Fig. 2F) . We also observed a significant increase of cells in the G2/M phase of the cell cycle with Cr(VI)-treated cells, which agrees with the previous finding that Cr(VI) induces G2/M phase arrest as a result of Cr(VI)-induced DNA damage and repair (Chiu et al., 2010) .
We next compared the growth curves of two WT clones and two Gene 33-deleted clones. We found that Gene 33 deletion significantly reduced the increase in cell number over time, indicating a potential slowdown of cell proliferation (Fig. 3C&D) . These results are unexpected as transient Gene 33 depletion with RNAi did not affect cell cycle profile in our previous study (Park et al., 2016) . However, these results confirm that the phenotype produced by stable deletion of Gene 33 is not identical to that produced by transient Gene 33 knockdown in BEAS-2B cells. Interestingly, Cr(VI) treatment eliminated the difference in cell proliferation between WT and Gene 33-deleted cells (Fig. 3C&D ). These data indicate that suppression of cell proliferation may not be the main mechanism underlying the tumor suppressive function of Gene 33, particularly in response to chronic Cr(VI) exposure.
Deletion of Gene 33 promotes cell migration
Gene 33 has been shown to regulate cell migration and tumor metastasis (Pante et al., 2005; Jiang et al., 2016) . We thus compared cell migration between KO (#22) and WT (#25) cells with or without Cr(VI) treatment using the scratch assay. Our results showed that Gene 33 deletion led to a significant increase in cell migration with or without Cr(VI) exposure (Fig. 4A&B) . To confirm this result, we repeated the experiment with another pair of KO and WT cells (#30, KO and #23, WT, respectively). Again, KO cells exhibited significantly quicker migration than the WT cells (Fig. 4C) . These results confirm the previous finding that Gene 33 negatively regulates cell migration (Pante et al., 2005; Jiang et al., 2016) . Intriguingly however, Cr(VI) treatment alone had limited effect on cell migration under our experimental conditions (Fig. 4) .
Discussion
In the present study we analyzed gene expression profiles of BEAS-2B lung epithelial cells chronically treated with Cr(VI), with or without CRISPR/cas9-mediated deletion of Gene 33, using scRNA-seq. We identified 83 genes with significantly altered expression. Some of these genes are known to be associated transformed lung epithelial cells and lung cancer, consistent with the previous observations that Gene 33 depletion and/or chronic Cr(VI) treatments induce transformation of BEAS-2B cells (Park et al., 2016) . In particular, we observed dramatic up-regulation of UCHL1 in KO cells. We also observed a significantly lowered expression of KRBOX1, a KRAB-associated zinc finger protein with unknown function. We found that KO cells have higher levels of cell migration but lower levels of cell proliferation compared to WT cells. Chronic Cr(VI) treatment eliminated the difference in cell proliferation but had limited effect on cell migration between these two genotypes. The enhanced cell migration is consistent with a transformed phenotype of BEAS-2B cells (Cartularo et al., 2016; Pratheeshkumar et al., 2016) .
UCHL1 is a neuro-specific gene known to be associated with the progression of Alzheimer disease (Tramutola et al., 2016) . It has limited expression in normal lungs but is dramatically induced in lung cancer (Hibi et al., 1998 (Hibi et al., , 1999 . In fact, most lung cancer cells and primary lung tumors (both small and non-small cell lung cancers) express high levels of UCHL1 (Hibi et al., 1999) . Elevated UCHL1 expression has also been shown in the human airway epithelium of cigarette smokers (Carolan et al., 2006) . This protein is therefore considered a potential biomarker for lung tumorigenesis (Hibi et al., 1999; Orr et al., 2011) . UCHL1 has been shown to be a key regulator of lung tumor cell invasion and metastasis (Kim et al., 2009 (Kim et al., , 2015 Goto et al., 2015) .
As a deubiquitinase, UCHL1 functions to remove ubiquitin from its substrates thereby preventing them from proteasome-mediated degradation (Luchansky et al., 2006) . At the molecular level, the potential tumor promoting functions of UCHL1 include to stabilize HIF-1α by mediating its deubiquitination thereby promoting the hypoxic response (Goto et al., 2015) , to prevent degradation of β-catenin thereby enhancing β-catenin-mediated gene transcription (Bheda et al., 2009) , to inhibit EGFR degradation thereby promoting breast cancer progression , and to enhance p53 degradation and elevate the AKT pathway thereby reducing cell death (Hussain et al., 2010) . UCHL1 has also been shown to interact with CDK1, CDK4, and CDK5 thereby promoting their activity independent of its catalytic activity (Kabuta et al., 2013) . However, UCHL1 has also been shown to possess a tumor suppressing function in certain tumors (Hurst-Kennedy et al., 2012) . Accordingly, UCHL1 may stabilize p53 thereby triggering cell cycle arrest (Li et al., 2010) , stabilize NOXA thereby promoting cell death (Brinkmann et al., 2013) , prevent degradation of p27 by interacting with JAB1 and p27 (Caballero et al., 2002) . Thus, the overall role of UCHL1 in a particular tumor is likely dependent on the specific targets with which it interacts in a tumor type-specific fashion. Interestingly, an ubiquitin E3 ligase activity has also been reported for UCHL1 (Liu et al., 2002) .
Our results also show up-regulation of the transcription factor TCF4 and some components of the WNT pathway (WNT7B and DIXDC1) in KO cells. Given the reported roles of TCF4 and β-catenin, a key downstream target of the WNT pathway, in promoting UCHL1 transcription (Bheda et al., 2009) , the elevated expression of UCHL1 was probably a result of the up-regulation of these genes. Of note, UCHL1 also promotes the activity of the WNT pathway by stabilizing β-catenin (Bheda et al., 2009) . The WNT pathway has been well-established to play a critical role in lung tumorigenesis (Stewart, 2014) . Thus, the interplay between the WNT pathway and UCHL1 may contribute significantly to lung epithelial cell transformation.
KRBOX1 belongs to a large family (close to 300) of KRAB-associated zinc finger proteins (Huntley et al., 2006; Imbeault et al., 2017) . These proteins are believed to have DNA binding capability and serve as transcription repressors (Huntley et al., 2006; Imbeault et al., 2017) . The regulatory targets of most of these proteins, including KRBOX1, remain unknown. The expression pattern and specific function of KRBOX1 in lung cancer have not been documented either. KRBOX1 gene is located at chromosome 3p22.1 where LOH is one of the early genetic events occurring in lung carcinogenesis (Zabarovsky et al., 2002) . In fact, our RNA-seq did not detect any transcript of KRBOX1 in KO-Cr cells, suggesting a possible loss of KRBOX1 gene in these cells. Further genetic verification is needed to confirm this.
The dramatic inverse correlation between UCHL1 and KRBOX1 expression patterns and the potential role of KRBOX1 as a suppressor of gene transcription intrigued us to investigate whether UCHL1 is a direct target of KRBOX1. However, we were unable to detect any change in UCHL1 protein expression upon transient depletion of KRBOX1 using siRNA in wild type BEAS-2B cells (data not shown). Nonetheless, it is conceivable that loss of KRBOX1 may lead to de-repression of some of the up-regulated genes identified herein, which contribute to the transformed phenotype of KO-Cr cells.
Neuroendocrine differentiation is a common feature of lung cancer, including most small cell lung carcinoma (SCLC) and a significant portion (10-30%) of non-small cell lung carcinoma (Berendsen et al., 1989; Carnaghi et al., 2001 ). While SCLC is considered neuroendocrine in nature, the clinical significance of neuroendocrine differentiation in NSCLC is unclear (Berendsen et al., 1989; Carnaghi et al., 2001) . Our data show that a number of neuro-specific genes were up-regulated in KO-Cr cells. However, the upregulated neuro-specific genes identified in the present study are different from the previously reported neuroendocrine genes (e.g. NSP, NCAM, SYN, CgA, Leu-7, and NF) associated with lung cancer (Carnaghi et al., 2001) . The significance of this observation remains to be determined. Nonetheless, the expression of these genes appears to indicate a tendency of neural differentiation, which may be associated with early neoplastic transformation of these cells. Further investigation is clearly needed to interpret these findings.
The up-regulation of genes associated with the oxidative stress in KO-Cr cells is intriguing. Cr(VI) is known to produce oxidative stresses in the cell during its reduction process, which contribute to the toxicity and tumorigenicity of Cr(VI) (Cheng et al., 1998 (Cheng et al., , 2000 Ding and Shi, 2002; Ha et al., 2003; Hu et al., 2011) . Elevated expression of oxidative stress-related genes may reflect an adaptive response to an increased oxidative stress in KO-Cr cells as BEAS-2B cells with depletion of Gene 33 show higher levels of DNA damage (Fig. 1D) (Park et al., 2016) . It will be important to determine how Gene 33 may regulate the intracellular oxidative response and the DNA damage response.
The increased cell mobility in KO cells is consistent with the elevated expression of genes associated with focal adhesion (Table 2) . However, it is surprising that some EMT-associated genes, particularly ZEB2, were down-regulated. EMT is typically associated with greater cell mobility and reduced intercellular adhesion of epithelial cells (Kalluri and Weinberg, 2009 ). Accordingly, we did also observed up-regulation of several genes associated with intercellular adhesion (CDH4, PKP1, PDPN, and PCDHGA11). The significance of these changes remains to be determined. It is possible that these changes represent those occur in the very early phase of the cell transformation process when EMT is suppressed. Supporting this notion, no visible morphological changes occur after Gene 33 deletion and/or Cr(VI) treatments (Fig. 1E) .
It is interesting that Gene 33 deletion reduced rather than increased cell proliferation and that Cr(VI) treatment eliminated the difference (Fig. 3C&D) . We also observed a difference in cell cycle distribution between the two genotypes (Fig. 3B) . The significance of these observations in the context of cell transformation and Cr(VI) treatment remains to be determined. Given that stable depletion of Gene 33 with shRNA alone promotes transformation of BEAS-2B cells (Park et al., 2016) , the change in cell migration is likely an indication of the early stage of cell transformation. As discussed, the up-regulation of neuro-specific genes in KO-Cr cells may also indicate neoplastic transformation of these cells. Our previous work showed that Cr(VI) suppresses the expression of the Gene 33 protein in BEAS-2B cells, which may contribute to elevated transformation of these cells (Park et al., 2016) . The data presented herein reveal some early molecular events that may mediate this process. Given that Gene 33 deletion dramatically up-regulates UCHL1, Cr(VI) tends to promote UCHL1 expression, and that elevated UCHL1 is known to up-regulated in lung cancer, we propose that UCHL1 plays an important role in the early stage of lung epithelial cell transformation and lung tumorigenesis.
The present study identifies a number of genes that are potentially important for lung epithelial cell transformation. The most interesting ones are UCHL1 and KRBOX1, the two most altered. While the connection between UCHL1 and lung cancer has been wellestablished, its role in the early stage of lung epithelial cell transformation has not been studied. On the other hand, the function of KRBOX1 is completely unknown. It is also interesting that some components of the WNT pathway also significantly changed. Given the potential mutual regulatory relationship between UCHL1 and the WNT pathway (Bheda et al., 2009) , it is highly likely that their changes were interconnected. The immediate focus of future investigations should be on whether and how these proteins and pathways contribute to lung epithelial cell neoplastic transformation and lung tumorigenesis, both in vitro and in vivo.
